Insulin-like growth factor II mRNA-binding protein 3 (IMP-3), an oncofetal antigen identified using genomewide cDNA microarray analyses, is overexpressed in several malignancies. IMP-3-derived cytotoxic T lymphocyte (CTL) epitopes have been used for peptide-based immunotherapies against various cancers. In addition to CTLs, induction of tumor-associated antigen (TAA)-specific helper T (Th) cells is crucial for establishment of effective antitumor immunity. In this study, we aimed to identify IMP-3-derived long peptides (IMP-3-LPs) carrying CTL and promiscuous Th-cell epitopes for use in cancer immunotherapy. IMP-3-derived Th-cell epitopes that bind to multiple HLA-class II molecules were predicted by in silico analysis, and their immunogenicity was determined by utilizing human T cells. We identified two highly immunogenic IMP-3-LPs presented by multiple HLA-class II molecules. One of the IMP-3-LPs encompassed two CTL epitopes that have been used for peptide-vaccine immunotherapy in ongoing clinical trials. IMP-3-LPs-specific Th cells responded to autologous dendritic cells (DCs) loaded with the recombinant IMP-3 proteins, suggesting that these s (LPs) can be naturally processed and presented. The IMP-3-LPs and specific Th cells augmented the expansion of IMP-3-specific CTLs, which was further enhanced by programmed cell death-1 (PD-1) blockade. In addition, IMP-3-LP encapsulated in liposomes was efficiently cross-presented in vitro, and this LP successfully cross-primed CTLs in HLA-A2 transgenic mice (Tgm) in vivo. Furthermore, one of the IMP-3-LPs induced IMP-3-specific Th cells from peripheral blood mononuclear cells (PBMCs) of head-and-neck malignant tumor (HNMT) patients. These findings suggest the potential usefulness of IMP-3-LPs in propagating both Th cells and CTLs and may have implications for IMP-3-LPs-based cancer immunotherapy.
Introduction
In the past, many cancer immunotherapies have focused primarily on tumor-reactive CTLs, which have the capacity to directly engage and kill malignant cells. Vaccination with TAAs-derived CTL epitope peptides (short peptides; SPs) is one of the therapeutic modalities used to elicit tumor-specific CTL responses in cancer patients. Therefore, to achieve effective and safe T-cell-mediated antitumor immunity in cancer patients, it is important to identify cancer-specific, oncogenic, and immunogenic TAAs as targets for cancer immunotherapy. 1 Recent identification of new TAAs by genome-wide cDNA microarray analyses coupled with isolation of cancer cells by laser-microbeam microdissection can be useful in selecting novel promising targets. 1 IMP-3 is one of oncofetal TAAs, which is frequently overexpressed in HNMT, lung cancer, esophageal cancer and various other malignancies, but rarely in normal adult organs. [2] [3] [4] Because the expression of IMP-3 is also detectable in normal adult testis, 5, 6 IMP-3 is also considered as a cancer/testis antigen 7 as well as an oncofetal antigen, indicating the clinical significance of IMP-3 as a target for antigen-specific cancer immunotherapy. IMP-3 is a translational activator of insulin-like growth factor II (IGF-II) mRNA, promoting cancer cell proliferation through the IGF-II-dependent pathway, 8 and also contributes to tumor cell invasion. 9 Indeed, higher expression of IMP-3 has been known as one of the biomarkers for poor prognosis of various cancers including HNMT. [10] [11] [12] We identified highly immunogenic IMP-3-derived SPs (IMP-3-SPs) that can induce HLA-A2 (A Ã 02:01) and HLA-A24 (A Ã 24:02)-restricted CTLs from PBMCs of cancer patients. 6, 13 Phase I/II clinical trials of peptide-based cancer immunotherapy using these IMP-3-SPs are underway. [14] [15] [16] Initial results from these trials indicate that the peptide vaccines are well tolerated, induce vaccinated SP-specific CTL responses, and in some patients have resulted in inhibition of tumor enlargement or reduction of tumor size, which has contributed to prolonged overall survival (OS). 16 However, it has previously been shown that vaccination with HLA-class I-restricted CTL epitope alone does not always elicit a sufficient immune response to induce effective antitumor immunity. 17 One likely cause for the ineffectiveness of SP-based immunotherapy is the induction of immunological tolerance in CD8 C T cells. SPs, which generally consist of 9 or 10 amino acids, can induce tolerance or anergy of CD8 C T cells when presented by HLA-class I molecules expressed on non-professional antigen-presenting cells (APCs) because of the lack of signaling from co-stimulatory molecules. 17, 18 Synthetic long peptides (LPs) encompassing not only CD4 C Th-cell epitopes but also CTL epitopes have the potential to overcome this weakness because they do not bind directly to HLA-class I molecules expressed on non-APCs because of their long aminoacid sequence. Professional APCs such as DCs engulf and process LPs, then present CTL and Th-cell epitopes in the context of HLA class I and class II molecules, respectively. 17 Consequently, LPs can elicit TAA-specific CD4
C and CD8 C T-cell responses without inducing immunological tolerance.
Generation of efficient CTL-mediated antitumor responses generally depends on immunological help provided by TAA-specific CD4
C T cells. [19] [20] [21] [22] [23] Recent studies have reported the functional roles of TAA-specific Th1 cells within the tumor milieu. TAA-specific Th cells can induce senescence of tumor cells through combined stimulus with CD4
C T cell-derived IFNg and TNF-a. 22 Moreover, TAA-specific Th1 cells enable CTLs to infiltrate the tumor site. 23 These Th1 cells also mediate anti-angiogenic effects 24 or exhibit direct cytotoxic activity for tumor cells. 25, 26 Furthermore, Hoyer et al. reported that simultaneous encounter of Th cells and CTLs with the same DC significantly enhanced antigen-specific CTL expansion. 27 Thus, an ideal peptide-based cancer immunotherapy might be a single polypeptide containing multiple epitopes for both Th1 cells and CTLs to induce robust antitumor CD4 C T cell and CD8 C T-cell responses.
In this study, we identified two IMP-3-LPs that induced antigen-specific Th cells with Th1 polarization characteristics in healthy donors (HDs) and HNMT patients. Interestingly, one of IMP-3-LPs encompassed multiple CTL and Th-cell epitopes. This peptide activated IMP-3-specific CTLs both in vitro and in vivo through cross-presentation. Our findings may have important implications for future clinical trials of LP-based cancer immunotherapy.
Results
Prolonged OS correlated with IMP-3-specific CTL responses in HNMT patients vaccinated with IMP-3-SP Recently, in the phase II clinical trial of the immunotherapy utilizing vaccination with HLA-A24-restricted multiple TAAderived SPs including IMP-3-SP for treatment of patients with metastatic/refractory squamous cell carcinoma of head-andneck, we observed that the OS of vaccinated patients was significantly longer than non-vaccinated patients who received the best supportive care. 16 Herein, we have re-evaluated updated survival data of vaccinated HNMT patients. Based on their IMP-3-SP reactivity, CTL responses specific to the HLA-A24-resticted IMP3-SP after vaccination were observed in 55.6% of the patients, and these patients showed a significantly longer OS than those without any IMP-3-specific CTL response (Fig. 1A) .
We examined the expression of IMP-3 by immunohistochemistry using tumor tissues obtained from five vaccinated HNMT patients (HNMT20, 24, 26, 29, and 35) , and confirmed IMP-3 expression in four out of five patients' tumor tissues (Table S1 ). Importantly, IMP-3 expression was detected in all three patients tested who had IMP-3-specific CTL responses after vaccinations (HNMT20, 26, and 29) (Fig. 1B) , whereas in two patients without IMP-3-specific CTL responses (HNMT24 and 35), IMP-3 expression was detected in tumor tissue from one patient (HNMT35) but not from another patient (HNMT24) (Fig. S1 ). These observations may support the hypothesis that the IMP-3-specific immune responses induced by SP vaccination contribute to the improved prognosis of the patients, and suggest that IMP-3 is a potential target for cancer immunotherapy of HNMT.
Prediction and selection of potentially promiscuous HLAclass II-binding IMP-3-LPs
To predict immunogenic IMP-3-derived Th-cell epitopes which can bind to several common HLA-class II molecules with high affinity, we first checked the amino-acid sequence of IMP-3 using an immune epitope database (IEDB) computer algorithm, as previously described (Fig. 1C and Table S2 ). 28, 29 As shown in Figs. 1C and 1D , the three IMP-3-LPs (LP1; IMP-3 192-212 -LP, LP2; IMP-3 402-423 -LP and LP3; IMP-3 507-527 -LP) were predicted to have strong binding affinity with multiple common HLA-class II molecules (e.g., HLA-DR9, DR4 or DR15). IMP-3-LP1 contained the CTL epitope that was recognized by HLA-A2-restricted CTLs (A2-IMP-3 199-207 6 ), and IMP3-LP3 also contained two known CTL epitopes that were recognized by HLA-A24 or A2-restricted CTLs (A24-IMP-3 508-516 13 ; A24-IMP-3-SP and A2-IMP-3 515-523 6 ; A2-IMP-3-SP) (Fig. 4D) . Another peptide, IMP-3-LP2, did not contain any known CTL epitopes.
Identification of IMP-3-LPs encompassing Th-cell epitopes
To determine the actual immunogenicity of the three candidate IMP-3-LPs, we examined whether IMP-3-LP-specific CD4 C T cells could be induced from PBMCs of HDs by in vitro stimulation with IMP-3-LPs. CD4
C T cells isolated from PBMCs of five HDs were stimulated at weekly intervals with autologous DCs and PBMCs pulsed with synthesized IMP-3-LPs. After at least two rounds of stimulation, expanded CD4 C T cells were harvested and their responses to the IMP-3-LPs were examined using IFNg enzyme-linked immunospot (ELISPOT) assays. HLA genotypes of the HDs are shown in Table 1 and Table S3 . The Th cells generated from HLA-DR53-positive HD1 produced a significant amount of IFNg in response to IMP-LP2-pulsed PBMCs in an HLA-DR-dependent manner (Fig. 2A) . The bulk Th cells were also specifically activated by IMP-3-LP2-pulsed mouse fibroblast L-cell line transduced with HLA-DR53 genes (L-DR53), but not unpulsed or IMP-3-LP2-pulsed L-DR4 cells, indicating that IMP-3-LP2 was presented by HLA-DR53.
We also examined whether IMP-3-LP2 was presented by other HLA-class II molecules, and consequently stimulated CD4 C T cells from other HDs. We found that IMP-3-LP2 induced HLA-DR8 (DRB1 Ã 08:03) (HD2, Fig. S2A ), HLA-DR (DRB1 Ã 08:03 or 14:05) (HD3, Fig. S2B ), HLA-DR4 (DRB1 Ã 04:05) (HD5, Fig. S2C ), and HLA-DQ-restricted Th cells (HD5, Fig. S2D ). These findings indicate that IMP-3-LP2 has the potential to bind to multiple HLA-class II molecules and induce TAA-specific Th cells in several different donors.
Next, we assessed whether IMP-3-LP3 (IMP-3 507-527 -LP)-specific Th cells were primed by LP stimulation. In an HLA-DR9-positive donor (HD4), the generated Th cells produced a significant amount of IFNg in response to IMP-3-LP3-pulsed PBMCs in an HLA-DR-dependent manner (Fig. 2B) . The bulk Th cells specifically recognized L-DR9 cells pulsed with IMP-3-LP3. IMP-LP3 also induced HLA-DR9 (DRB1 Ã 09:01)-restricted Th cells from the other HLA-DR9-positive donor, HD5 (Fig. S2E) . Furthermore, HLA-DR8 (DRB1 Ã 08:03) or DR14 (DRB1 Ã 14:05)-restricted Th cells were also generated by IMP- Fig. S2F ), indicating that IMP-3-LP3 encompasses multiple Th-cell epitopes, similar to the multiepitope characteristic of IMP-3-LP2.
3-LP3 stimulation (HD3,
IMP-3-LP1 (IMP-3 192-212 -LP) was predicted to have strong binding affinity with multiple HLA-class II molecules. However, stimulation with LP1 did not prime LP-specific Th cells in any of our HDs (data not shown), and thus we concluded that IMP-3-LP1 was not immunogenic.
IMP-3-LPs encompass naturally processed Th-cell epitopes
We next tested whether IMP-3-LPs-derived Th-cell epitopes were produced by intracellular processing of IMP-3 protein and presented by HLA-class II molecules in DCs. The HLA-DR53-restricted IMP-3-LP2-reactive Th clone generated from HD1 and autologous DCs loaded with recombinant IMP-3 protein were used as responders and APCs, respectively. As shown in Fig. 2C , the IMP-3-LP2-specific Th clone was activated upon stimulation with IMP-3 protein-loaded DCs but not with control protein-loaded DCs, indicating that IMP-3-LP2 encompasses naturally processed and HLA-DR53-restricted Th-cell epitope. The IMP-3-LP3-specific Th clone generated from HD3 was also activated by IMP-3 protein-loaded DCs (Fig. 2D ). These results suggest that both IMP-3-LP2 and IMP-3-LP3 contain Th-cell epitopes that are naturally processed from the IMP-3 protein. C T cells were analyzed by staining the HLA-A2/IMP-3 515-523 tetramer. Representative data are shown from four independent experiments. Ã p <0.05, ÃÃ p <0.01. N.S., not significant. (E) Immature DCs were cultured in the presence or absence of autologous IMP-3-LP3-specific Th clones and the cognate peptide. After 48 h of coculture, the expression of CD40 and CD86 on gated DCs was analyzed. The gray-filled histograms show isotype-matched control staining.
IMP-3-specific Th cells promote the expansion of IMP-3-specific CTLs
Next, we investigated whether IMP-3-specific Th clones (Th clone) promote the expansion of IMP-3-specific CTLs. For this purpose, HLA-A2-restricted and IMP-3 515-523 -SP-specific CTLs (A2-IMP-3-SP-specific CTLs) were generated from HD4 as described previously, 6 and these CTLs were co-cultured with autologous DCs pulsed with A2-IMP-3-SP (SP) in the presence of IMP-3-LP3 (LP), Th clone, or LP plus Th clone (Fig. 4A) . After 1 week of in vitro culture, the frequencies of CD8 C HLA-A2/IMP-3 515-523 tetramer C cells were analyzed. As compared with SP stimulation alone, SP combined with LP or Th clone did not significantly promote the expansion of CTLs (5.38% vs. 6.77% vs. 8.65%) (Fig. 4B) . Although this LP encompasses the HLA-A2-restricted and IMP-3-derived CTL epitope, the frequencies of CTLs were not increased by the stimulation with SP plus LP, suggesting that efficient cross-presentation of IMP-3-LP3 did not occur under these culture conditions. However, simultaneous stimulation of CTLs/ Th clone with both SP and LP resulted in a significant increase of IMP-3-specific CD8 C T cells. A similar trend was observed in terms of mean fluorescent intensity of tetramer staining (Fig. 4C) . These results suggest that IMP-3-LP3-specific Th cells activated with IMP-3-LP3 stimulation augment the expansion of IMP-3-SP-specific CTLs. IMP-3-LP2-specific Th clone also enhanced the frequencies of IMP-3-SP-specific CTLs (Fig. S4A) .
Interestingly, when both Th clone and CTLs were activated in the presence of antibody (Ab) against PD-1, the frequencies of CD8
C tetramer C cells were further increased compared with identical full stimulation in the absence of anti-PD-1 Ab. This result suggests that PD-1 blockade has a strongly synergistic effect on CTL activation when both CTLs and Th cells are activated (Fig. 4D ).
IMP-3-specific Th cells induce DC activation in an antigenspecific manner
To investigate the mechanism by which activated CD4
C T cells augment the expansion of IMP-3-specific CTLs, we examined the expression levels of DC activation markers, CD40 and CD86, on DCs after co-culture with IMP-3-LP-specific Th cells stimulated with cognate LPs (Fig. 4E) . Expression of both CD40 and CD86 on co-cultured DCs was upregulated when IMP-3-LP3-specific Th clones were stimulated with LP-pulsed DCs, indicating that activated IMP-3-LP3-specific Th clones enable DCs to upregulate co-stimulatory molecules induced by cognate interaction. Similar results were obtained using the IMP-3-LP2-specific Th clone established from HD1 (Fig. S4B) . From these observations, we speculate that IMP-3-LP-specific Th cells contribute to enhanced CTL expansion through at least in part DC activation.
IMP-3-LP activates IMP-3-SP-specific CTLs through crosspresentation in vitro
Although we could not observe cross-presentation of soluble IMP-3-LP3 to activate cognate CTLs in our initial in vitro experiments (Fig. 4B) , we chose to re-evaluate this because we thought that the lack of cross-presentation of soluble IMP-3-LP in an in vitro setting may be due to inefficient delivery of the LPs into the HLA-class I-mediated antigen presentation pathway in DCs. We therefore utilized pH-sensitive liposomes, which are taken up efficiently by DCs and reportedly deliver entrapped antigens from the endosome to the cytosol to enhance cross-presentation. 30 As shown in Fig. 5A , A2-IMP-3-SP-specific bulk CTLs specifically produced IFNg in response to stimulation with DCs loaded with IMP-3-LP3 encapsulated in liposomes but not DCs loaded with soluble IMP-3-LP3, liposome-encapsulating control LP, or liposome alone. Moreover, specific IFNg production was inhibited by addition of an anti-HLA-class I mAb. These results indicated that A2-IMP-3-SPspecific CTLs were indeed stimulated through the cross-presentation of IMP-3-LP3 by DCs in vitro.
IMP-3-LP encompassing CTL-epitopes can prime IMP-3-SPspecific CTLs through cross-presentation in vivo
We further confirmed the ability of IMP-3-LP3 to cross-prime A2-IMP-3-SP-specific CTLs in vivo using HLA-A2 Tgm. HLA-A2 Tgms were immunized twice with IMP-3-LP3. The CD8 C T Underlined and red bold sequences are CTL epitopes; IMP-3-LP2 sequences were selected on high-affinity binding to HLA-class II molecules predicted by the algorithm; IMP-3-LP1 and LP3 were selected on both the prediction of HLA-class II binding and the proximity to the known CTL epitopes. a.a.: amino acid, Negative: we could not obtain positive data and did not proceed further, LP: long peptide, HD: healthy donor.
cells from HLA-A2 Tgm vaccinated with IMP-3-LP3 specifically produced IFNg in response to stimulation with bone marrow-derived DCs pulsed with A2-IMP-3-SP (Fig. 5B) , suggesting that IMP-3-LP3 can prime A2-IMP-3-SP-specific CTLs by cross-presentation in vivo.
IMP-3-LP induces peptide-specific Th cells in HNMT patients
We attempted to induce IMP-3-LP-specific Th cells from three patients with advanced stage HNMT (HNMT20, 29, and 43), who have been administrated long-term vaccinations with IMP-3-SP activating HLA-A24-restricted CTLs. Patient characteristics are summarized in Table S1 . From patients HNMT20 and HNMT43, we generated DCs differentiated from autologous CD14 C cell-derived myeloid cell lines, which were transduced with cMYC plus BMI1 to provide unlimited expansion of DCs and enabled us to use them as a source of APCs (Imamura et al., manuscript submitted). 31 As observed in the HDs, isolated CD4 C T cells from HNMT patients were stimulated with autologous DCs firstly, followed by stimulation with autologous PBMCs pulsed with IMP-3-LPs. After at least two rounds of stimulation, the antigen-specific responses of patient CD4 C T cells were examined using INFg ELISPOT assays. As shown in Figs. 6A and 6B, IMP-3-LP3 induced peptide-specific Th cells from two patients, HNMT20 and HNMT43. The CD4 C T cells generated from HNMT43 displayed a Th1-polarized cytokine secretion pattern including relatively higher IFNg and TNF-a production (Fig. 6C) . These results suggest that IMP-3-LP may induce antigen-specific Th cells with Th1-like characteristics not only from HDs but also from HNMT patients, highlighting the potential for the applicability of LPvaccination in cancer patients.
Discussion
In this study, we identified two immunogenic IMP-3-LPs that were naturally processed from the IMP-3 protein and elicited Th1-like CD4 C T-cell responses. IMP-3-LP-specific Th clones significantly augemented the expansion of IMP-3-SP-specific CTLs, at least through DC activation. In addition, IMP-3-LP3, which also encompasses both HLA-A2 and -A24-restricted CTL epitopes, induced A2-IMP-3-SP-specific CTLs via the cross-presentation pathway both in vitro and in vivo. We also demonstrated that IMP-3-LP boosted peptide-specific Th cells with Th1-like characteristic from PBMCs of HNMT patients. Our findings suggest that vaccination with IMP-3-LPs, either LPs alone or in combination with TAA-specific SPs, is useful to elicit stronger antitumor CD4
C and CD8 C T-cell immunity and may improve the clinical outcome of patients. CD4 C T cells can provide the help in priming and activating CTLs through DC activation via CD40-CD40L interaction. 32 , 33 Aarntzen and colleagues attempted to investigate the immunological and clinical responses to vaccination with DCs pulsed with both HLA-class I and II-restricted epitopes compared with HLA-class I-restricted epitope alone to evaluate the clinical relevance of TAA-specific Th cells. 34 They showed that activation of TAA-specific Th cells with DCs pulsed with both HLA-class I and II-restricted epitopes effectively enhanced TAA-specific CTL frequencies and immune responses, contributing to improved clinical outcome. Likewise, in this study, we demonstrated that the addition of IMP-3-LP and LP-specific Th clone into the culture augmented the expansion of A2-IMP-3-SP-specific CTLs, possibly through DC activation (Fig. 4B, 4E, S4A and  S4B ). These data suggest that IMP-3-LPs administered in combination with A2-IMP-3-SP immunotherapy may C T cells were isolated from the pooled inguinal lymph nodes and were stimulated ex vivo with bone marrow-derived DCs pulsed with A2-IMP-3-SP or A2-HIV-SP. The numbers of IFNg-producing CD8 C T cells were assessed using an ex vivo ELISPOT. Representative data from three independent experiments (two or three mice in each group) that were performed in duplicate or triplicate (all yielded similar results) are shown. ÃÃ p <0.01.
augment the elicitation of tumor-specific CTLs in cancer patients.
Disis et al. demonstrated that vaccination with HER-2/neuderived LP which encompassed an HLA-A2-binding CTL epitope could elicit both HER-2/neu-specific T-cell responses and the embedded epitope-specific CTL responses in metastatic breast cancer patients. 35 In the present study, we demonstrated that IMP-3-LP3 could prime A2-IMP-3-SP-specific CTLs in vivo and activate these CTLs in vitro through cross-presentation by DCs. Therefore, vaccination with IMP-3-LP3 may potentially elicit both tumor-specific Th cells and CTL responses in clinical applications. Melief et al. showed that LPs encompassing CTL epitopes can induce superior T cell immune responses compared to a vaccine containing minimal CTL epitopes because of the increased duration of antigen presentation by APCs. 17, 18 However, in the present study, vaccination with IMP-3-LP3 was not superior to A2-IMP-3-SP in induction of IMP-3-specific CTLs in the HLA-A2 Tgm model (data not shown). Thus, further work is necessary to elucidate whether IMP-3-LP alone or in combination with IMP-3-SP would elicit a stronger IMP-3-specific CTL response in vivo.
In the present study, we did not observe the cross-presentation of soluble IMP-3-LP3 in our in vitro experiments. However, cross-presentation of IMP-3-LP3 encapsulated in liposome was successful probably because of the efficient delivery of LP to the cytoplasm of DC. Furthermore, sufficient cross-priming could be observed in vivo using soluble LP, suggesting that liposomes may not be necessary for crosspresentation in our in vivo experiments. One possible reason for this apparent discrepancy is that IFA was used as an adjuvant in our in vivo experiments. IFA promotes antigen persistence at the injection site and prolongs cross-presentation by DCs. 36 Thus, IFA-embedded IMP-3-LP could be presented by DCs and cross-prime CTLs in vivo in HLA-A2 Tgm.
The subset of CD4 C T cells induced after vaccinations with HLA-class II-restricted antigens is of particular interest when induction of tumor-reactive CD4 C T cells is desired. A number of previous reports demonstrated that not only cytokine milieu, but also the strength of antigen stimulation resulting from the affinity/avidity between TCR and peptide-MHC ligands determined the fate of Th1/Th2 polarization in vitro and in vivo. [37] [38] [39] [40] A high dose of peptide or a strongly agonistic ligand favors development of Th1-type CD4
C T cells whereas a low dose of peptide or a weakly agonistic ligand favors Th2 cells. In this study, both IMP-3-LP-specific bulk CD4
C T cells and Th clones generated from HDs produced preferentially Th1-type cytokines in response to IMP-3-LPs. Based on these observations, the two identified IMP-3-LPs might provide high-avidity TCR signals that preferentially polarize toward a Th1 phenotype at least in HDs.
Using PBMCs of HNMT patients, we also successfully induced IMP-3-LP-specific Th-1 like CD4
C T cells by in vitro stimulations with IMP-3-LP in this study. However, Tatsumi et al. previously demonstrated that CD4 C T cells derived from cancer patients tended to display Th2-polarized cytokine secretion patterns in response to in vitro stimulation with TAA-derived LPs. 41 Several previous reports also showed that the frequencies of CD4 C CD25 high Foxp3 C regulatory T cells (Tregs) were increased in patients with several types of cancers, 42, 43 and vaccination with TAA-derived LP sometimes induced LP-specific Tregs. 44 In the present study, IMP-3-LPspecific Th clones generated from HNMT patients in vitro culture did not express FoxP3 (data not shown), suggesting that they were not Tregs. However, at the current moment, we cannot conclude that vaccination of IMP-3-LP can always elicit LP-specific and Th1-polarized immune responses in many cancer patients because we could not distinguish whether IMP-3-LP-specific Th-cell responses detected in HNMT patients were elicited by boosting in vivo LP-specific Th-cell responses or by priming naive CD4 C T cells in vitro. Further studies using a larger cohort of cancer patients will be required for clarification of physiological relevance of IMP-3-LP for Th1-cell induction.
Previous reports have demonstrated that not only CTLs, but also CD4
C T cells can demonstrate cytotoxicity against both virus-infected cells and tumor cells. 25, 26 As shown in Fig. 3C , IMP-3-LP-specific Th cells expressed CD107a and granzyme B, molecules associated with cytotoxic activities, in response to stimulations with cognate peptide. Although we did not investigate cytotoxic activity directed against cancer cells, our data suggest that IMP-3-LP-specific Th cells may provide not only helper function but also cytotoxic activity, which can be an additional benefit for cancer immunotherapy.
There have been several reports regarding HLA-class IIrestricted helper peptides which are capable of binding to more than one HLA-class II moleculeand eliciting polyclonal Th-cell responses. [45] [46] [47] Using the cell lines engineered to express HLAclass II molecules, we have demonstrated herein that IMP-3-LPs were presented by HLA-DR9, HLA-DR4, HLA-DR8, HLA-DR53, HLA-DR8/14, and HLA-DQ3/4, suggesting that vaccinations with a combination of IMP-3-LP2 and LP3 could cover the majority of the Japanese population (Table S4) . 48 It has been demonstrated that Th-cell or CTL responses to other epitopes of the same proteins or other antigens not included in the vaccinations (epitope spreading or antigen spreading) were often observed in cancer patients with positve clinical responses to the TAA-derived peptide vaccinations. 49, 50 These accumulating evidences suggest that Th-cell and CTL responses against broader epitope repertoires may be one of the key points to achieve better clinical responses to cancer vaccinations. In the present study, we identified two immunogenic IMP-3-LPs (IMP-3-LP2 and LP3) encompassing several Th-cell epitopes, and IMP-3-LP3 also contains two IMP-3-derived CTL epitopes. Thus, in terms of not only broad patient coverage but also simultaneous induction of broader IMP-3-specific Th-cell and CTL responses, the cancer vaccine formulation containing a combination of IMP-3-LP2 and LP3 may have an advantage compared to vaccine formulation containing either IMP-3-LP2 or LP3.
Recent clinical trials have validated that antibodies interrupting immune checkpoints, such as CTL associated protein-4, PD-1, and PD-1 ligand, can elicit antitumor immunity and mediate durable tumor regressions. In animal models, combination therapy with immune checkpoint blockade and various types of tumor vaccine has demonstrated enhanced activation of vaccine-induced tumor-specific effector cells, especially CTLs, and synergistic antitumor effect. [51] [52] [53] Consistent with these studies, we demonstrated that anti-PD-1 Ab further augmented the expansion of IMP-3-SP-specific CTLs when both CTLs and Th clone were activated, although we did not observe this effect when CTLs were stimulated with SP plus anti-PD-1 Ab as compared with SP alone (Fig. 4D) . We hypothesized that the ineffectiveness of PD-1 blockade when given in combination with SP stimulation alone might be due to limited activation of CTLs, resulting in insufficient numbers of PD-1-positive cells to show the effect of PD-1 blockade. In fact, the expression levels of PD-1 on CTLs stimulated with SP alone were lower than that stimulated with SP plus LP plus Th clone (Fig. S4C) . Therefore, these observations suggest that a combination therapy with IMP-3 peptide-based immunotherapy and immune checkpoint blockades may be a good candidate for future cancer immunotherapy and this combination therapy may be more effective when CTLs and Th cells can be sufficiently activated.
In conclusion, we identified two immunogenic IMP-3-LPs that can induce multiple HLA-class II-restricted Th cells. One of the IMP-3-LPs encompassed IMP-3-CTL epitopes and induced both IMP-3-specific Th cells and CTLs. Thus, our results suggest that IMP-3-LPs provide a useful tool for propagation of both IMP-3-specific Th cells and CTLs, leading to induction of stronger antitumor responses. These findings may support clinical trials of IMP-3-LPs-based immunotherapy for various types of cancers.
Materials and methods

Cell lines
Mouse fibroblast cell lines (L cells), genetically engineered to express DR4 (DRB1 Ã 04:05, L-DR4), DR8 (DRB1 Ã 08:03, L-DR8), DR9 (DRB1 Ã 09:01, L-DR9), DR15 (DRB1 Ã 15:02, L-DR15), or DR53 (DRB4 Ã 01:03, L-DR53) were used as APCs. These L cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS).
Patients
The phase II clinical trial of cancer immunotherapy using three HLA-A24-binding TAA-derived SPs for patients with advanced or metastatic HNMT was approved by the Institutional Review Board of Kumamoto University, Kumamoto, Japan. This trial was registered in the University Hospital Medical Information Network Clinical Trials Registry (UMIN-CTR) number 000008379 (CTR-8379). The design of the clinical trial, patient eligibility, and treatment protocol were described previously. 16 Patients were enrolled after providing written informed consent. Blood samples were collected from three HNMT patients enrolled in this trial to analyze the immune responses of Th cells reactive to IMP-3-LPs.
Prediction of HLA-class II binding peptides
To predict possible promiscuous HLA-class II binding human IMP-3-derived LPs, the amino-acid sequence of the human IMP-3 protein was analyzed using a computer algorithm (Figs. 1C, 1D and Table 1 ). IMP-3-LP1 and IMP-3-LP3 included IMP-3-derived 9-mer CTL epitopes that were recognized by HLA-A2 or A24-restricted CTLs (Fig. 1D) .
Synthetic peptides, recombinant proteins and LPs encapsulated in liposomes
Two human IMP-3-derived SPs (A2-IMP-3-SP and A24-IMP-3-SP) and three IMP-3-LPs (LP1, LP2, and LP3) were synthesized (MBL; purity >95%; Fig. 1D ). An HIV-related SP (A2-HIV-SP) and a CDCA1-derived SP (A2-CDCA1-SP) that binds to HLA-A2 were used as negative control SPs. 54 Peptides were dissolved in dimethylsulfoxide at 10 mg/mL, and stored at ¡80
C. The recombinant whole IMP-3 and CDCA1 protein were generated in Escherichia coli BL21 transformed with a pET28a vector encoding IMP-3 (Novagen, 69864-3). Both IMP-3 protein and CDCA1 protein were assessed by SDS-PAGE and purified. CDCA1 protein was used as a control. The liposomes loaded with IMP-3-LP3 and IMP-3-LP2 (as a control) were produced as previously described. 30 Generation of antigen-specific CD4 C T cells from healthy donors and HNMT patients
The protocol for isolation and use of PBMCs from HDs and HNMT patients was approved by the Institutional Review Board of Kumamoto University. We obtained PBMCs from five HDs and three HNMT patients, all with written informed consents. Genotyping of HLA-A, DRB1, and DPB1 alleles was performed at the HLA Laboratory (Kyoto, Japan) (Table S1 and S3). Induction of antigen-specific CD4 C T cells was performed as described previously. [55] [56] [57] [58] Monocyte-derived DCs that were used as APCs were generated from CD14 C cells as described previously. 6 We generated CD14 C cell-derived myeloid cell lines from purified CD14 C cells from the HNMT patients, followed by lentivirus vectors transduction with cMYC plus BMI1 genes to promote proliferation. 31 When we stimulated IMP-3-LP-specific Th cells derived from HNMT patients with cognate peptide, we sometimes used autologous CD14 C cell-derived myeloid cell line-DCs as APCs, which were differentiated from CD14 C cell-derived myeloid cell lines by the addition of IL-4 (20 ng/mL) to the culture. 31 In some instances, T cells were cloned by limiting dilution for further studies as described previously. 59 
Assessment of T cell responses to peptides and proteins
The immune response of Th cells to APCs pulsed with peptides or proteins was assessed by IFNg ELISPOT assays (BD Biosciences, 551849) as described previously. 6, [55] [56] [57] [58] To determine the allelic restriction of HLA molecules, mAbs against HLA-DR (BioLegend, 307612), HLA-DP (Abcam, ab106312), HLA-DQ (Abcam, ab23632), or HLA-class I (Abcam, ab23755) were added into the culture. All mAbs were used at 5 mg/mL.
Cytokine analysis
IMP-3-LP-specific bulk CD4
C T cells (3 £ 10 4 /well) or Th clones (1 £ 10 4 /well) were cultured with autologous PBMCs (3 £ 10 4 /well) in the presence of cognate peptide in 96-well plates. After 24 h, cytokine (IFNg, TNF-a, IL-2, GM-CSF, IL-4, IL-17) levels in the culture supernatants were measured using the Bio-Plex system (Bio-Rad) according to the manufacturer's instructions.
Detection of CD107a and granzyme B expression by flow cytometry
The expression of CD107a in IMP-3-LP-specific Th cells upon stimulation with cognate peptides was analyzed with an immunocyto CD107a detection kit (MBL, 4844) according to the manufacturer's instructions as described previously. 6, 55 To analyze the expression of intracellular granzyme B, Th cells were stimulated with cognate LP or control peptide (10 mg/mL) in the presence of brefeldin A (Sigma-Aldrich, B5936) for 5 h. After stimulation, the cells were fixed for 15 min in 4% paraformaldehyde and incubated with PE-conjugated anti-human CD4 Ab (eBioscience, 12-0049-42) and FITC-labeled antihuman granzyme B Ab (BD Biosciences, 561998) or FITClabeled isotype control mouse IgG1 in 0.25% saponin (SigmaAldrich, S7900) for 20 min and then analyzed by flow cytometry.
The synergistic effect of IMP-3-LP on activation of A2-IMP-3-SP-specific CTLs Induction of A2-IMP-3-SP-reactive CTLs from an HLA-A2 C donor (HD1 and HD4) by stimulation with A2-IMP-3-SP was performed as described previously.
6 A2-IMP-3-SP-specific CTLs (1 £ 10 5 ) were co-cultured with autologous immature DCs (1 £ 10 5 ) in 24-well plates, followed by addition of SP alone (A2-IMP-3-SP, 10 mg/mL), SP plus LP (IMP-3-LP, 20 mg/mL), SP plus LP-specific Th clone (2 £ 10 4 ), or SP plus LP plus Th clone in a final volume of 2 mL. IL-2 (20 U/mL) was added on day 0. After culture for 7 d, the cells were stained with PE-labeled tetramer of the HLA-A Ã 02:01/IMP-3-A2 515-523 -complex (MBL) together with a FITC-labeled antihuman CD8 mAb (Beckman Coulter, 6602385). In some experiments, anti-PD-1 mAb (10 mg/mL, BioLegend, 329912) or control mice IgG mAb (10 mg/mL) was added in the culture.
Analysis of surface marker expressed on DCs after coculture with IMP-3-specific Th cells
Immature CD14
C monocyte-derived DCs were generated as described previously. [55] [56] [57] [58] One hundred thousand DCs were loaded with IMP-3-LP (20 mg/mL) for 3 h and then co-cultured with LP-specific Th cells (1 £ 10
5
) for a further 48 h. After co-culture, the cells were stained with PE-labeled anti-CD40, FITC-labeled anti-CD86 mAbs (BD Biosciences, 560963 and 555657, respectively), and PerCP-labeled anti-CD4 mAb (eBioscience, 45-0049-42) and marker expression on the CD4 ¡ fraction (DC) was analyzed by flow cytometry.
In vitro and in vivo cross-presentation assay
In some experiments, to assess the cross-presentation of IMP-3-LP3, we used DCs loaded with LP encapsulated in liposomes. Liposomes were prepared as previously described. 30 Immature DCs were prepared and pulsed with LP encapsulated in liposome (equivalent to 20 mg/mL of LP) for 4 h. The number of IFNg producing-A2-IMP-3-SP-specific bulk CTLs in response to DCs loaded with liposome-encapsulated IMP-3-LP3 was counted by ELISPOT assay. Stimulation with SP-pulsed DCs was used as a positive control; unpulsed DCs, DCs pulsed with liposomes alone, and DCs pulsed with IMP3-LP2 encapsulated in liposomes served as negative controls. The in vivo crosspriming assay was done as described previously.
55-58
Immunohistochemical examination
Immunohistochemical staining for IMP-3 using a mouse antihuman IMP-3 mAb (DAKO, M3626) was conducted as described previously. 2, 12 Normal human placental tissue (Abcam, ab4360) that is known to express IMP-3 60 and normal oral tissue was used as a positive and negative control, respectively. Isotype-matched mAb (DAKO, X0943) was used as a control for IMP-3 mAb.
Statistical analysis
Statistical analyses were performed using Prism 4.0 software (GraphPad). Multiple group comparisons were performed by one-way analysis of variance (ANOVA) followed by Tukey's post hoc tests. In some cases, data were also analyzed using an unpaired Student's t-test when comparing two experimental groups. p values less than 0.05 were considered significant. The OS was measured from the date treatment started to the date of death or last follow-up. The progression-free survival (PFS) was measured from the date treatment started to the date of documented progression or death. Patients who were alive and not known to have progressed were censored. The OS and PFS were analyzed according to the Kaplan-Meier method, and statistical differences were assessed using the log-rank test.
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